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Ionic transport in macula densa cells. Recent work has provided
substantial insights into functional characteristics of macula densa
(MD) cells. Microelectrode and patch-clamp experiments on the
rabbit isolated thick ascending limb (TAL)/glomerulus prepara-
tion have shown that MD cells possess a furosemide-sensitive
Na:K:2Cl cotransporter, an apical 41-pS K1 channel, and a
dominant basolateral Cl2 conductance. Increasing luminal fluid
[NaCl] ([NaCl]L) results in furosemide-sensitive cell depolariza-
tion due to a rise in intracellular [Cl2] that stimulates basolateral
electrogenic Cl2 efflux. Intracellular pH (pHi) measurements
show the presence of an apical Na:H exchanger that couples
transepithelial Na1 transport to pHi. Experimental results and
thermodynamic considerations allow estimation of intracellular
[Na1] and [Cl2] ([Na1]i, [Cl
2]i) under different conditions. When
the Na:K:2Cl cotransporter is equilibrated (or in the presence of
furosemide), [Na1]i and [Cl
2]i are low (;6 to 7 mM), whereas
when the cotransporter is fully activated, [Na1]i and [Cl
2]i
increase substantially to approximately 70 and 20 mM, respec-
tively. Finally, luminal addition of NH4
1 produces cell acidifica-
tion that depends on NH4
1 apical transport rate through the
Na:K:2Cl. Using a simple transport model for NH4
1, the initial
NH4
1 influx rate in MD cells is comparable to the corresponding
flux in TAL. This challenges the idea that MD cells have a low
transport activity but supports our findings about large changes in
intracellular concentrations as a function of [NaCl]L.
Recent years have seen rapid growth in the knowledge in
the membrane properties of macula densa (MD) cells
[1–10]. The rabbit cortical thick ascending limb (cTAL)/
glomerulus preparation [11] has proven quite useful for
applying conventional microelectrode techniques, patch-
clamp and fluorescence measurements to MD cells. The
new information on the presence of specific transport
pathways in both membranes of MD cells, together with
future data on the regulatory properties of these pathways,
will be instrumental in understanding the role of MD cells,
that is, detecting changes in luminal [NaCl] ([NaCl]L) and
initiating signal(s) triggering renin secretion and tubuloglo-
merular feedback (TGF) [12]. In this article, we update our
transport model for MD cells, estimate intracellular ionic
concentrations under different experimental situations, and
determine the absolute transport rate mediated by the
apical Na:K:2Cl cotransporter using luminal NH4
1/NH3
addition and intracellular pH measurements. We conclude
by giving an integrated view of the expected effects of a rise
in [NaCl]L on MD cell membrane transport and intracel-
lular composition.
THE TRANSPORT MODEL FOR MACULA DENSA
CELLS
Early microelectrode studies from our laboratory [1, 3]
and elsewhere [2, 5, 7] have reported that cell impalements
are difficult in MD cells. Depending on the criteria used to
select acceptable impalements, average MD cell potential
in symmetrical 120 to 150 mM NaCl solutions varies from
226 to 250 mV [1, 2, 7]. More recent experiments, using
patch pipettes in the whole-cell configuration [5], report a
membrane potential of 272 mV under similar conditions,
indicating that previous microelectrode studies underesti-
mated membrane potential substantially. Nevertheless, mi-
croelectrode studies have shown that MD cells hyperpolar-
ize by some 30 mV when [NaCl]L is reduced progressively
to 10 mM [1, 7], the most sensitive range being between 20
to 40 mM, consistent with that reported for the TGF
mechanism [12]. In addition, this [NaCl]L-dependent hy-
perpolarization is completely inhibited by 50 mM luminal
furosemide [3], excluding a microelectrode artifact as the
cause. This finding was the first direct evidence for the
specific presence of an apical Na:K:2Cl cotransporter in
MD cells (Fig. 1). As previously described for cTAL [13],
this apical electroneutral transporter could affect MD cell
potential through changes in intracellular [Cl2] ([Cl2]i)
coupled to a basolateral Cl2 conductance. Independent
changes in luminal [Na1] ([Na1]L) or [Cl
2] ([Cl2]L) did
not suggest the presence of apical conductances for these
ions [3]. Replacement of luminal K1, however, resulted in
significant hyperpolarization, possibly implying an apical
K1 conductance. Using similar electrophysiological tech-
niques, we found a dominant Cl2 conductance and a
Ba21-sensitive K1 conductance on the basolateral side [4].
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These findings support our contention that stimulation of
the apical Na:K:2Cl cotransporter can depolarize MD cells
through changes in [Cl2]i.
In further work, we and others have found that it is
possible to remove the overlying cTAL such that the apical
surface of MD cells becomes directly accessible to a
patch-clamp pipette [5, 6]. In the cell-attached mode, we
found a surprisingly high K1 channel density; more than 10
channels could repeatedly be observed within the same
patch. With 140 mM KCl in the pipette, these channels have
a 41-pS conductance and a linear I-V relationship [5].
Replacement of extracellular Na1 (both apical and baso-
lateral membranes are exposed to the bath solution in this
preparation) completely inhibits the apical K1 channels,
whereas in nominally Ca21-free extracellular solution, this
maneuver did not affect the channel activity. Channel
inhibition was probably due to a Ca21 influx coupled to a
Na1 efflux mediated through a Na:Ca exchanger. This
hypothesis is supported by the fact that a Ca21 ionophore
(5 mM ionomycin) effectively inhibited apical K1 channels
in the cell-attached mode. In inside-out patches, this chan-
nel was sensitive to pHi and [Ca
21]i on the cytosolic side
but insensitive to Na- and Mg-adenosine triphosphate
(ATP) [5] (Lapointe, Laamarti, Okada, and Bell, unpub-
lished observation). The observed properties of this chan-
nel (especially ATP insensitivity) appear different from the
properties of the apical K1 channels of rabbit and rat cTAL
[14–16] and from the ROMK channel [17] that has been
detected recently in rat MD cells with a specific anti-
ROMK antibody (unpublished observation cited in [18]).
Finally, we turned our attention to pHi measurements
using the fluorescent probe 29,79-bis(2-carboxyethyl)-
5(and-6) carboxyfluorescein (BCECF). An amiloride-sen-
sitive Na:H exchanger was found on both membrane of MD
cells [8] (unpublished observation). Increases in [NaCl]L
alkalinized MD cells from pHi 7.1 at 25 mM [NaCl]L to 7.45
at 145 mM [NaCl]L. This alkalization is only partially
sensitive to 1 mM amiloride. It is believed that MD cells
possess an amiloride-resistant [19] form of the apical Na:H
exchanger, which is consistent with results obtained in
other epithelial cells.
INTRACELLULAR EFFECTS OF NACL TRANSPORT
BY MACULA DENSA CELLS
Although electrophysiological experiments have been
instrumental in identifying transport pathways in MD cells,
fluorescence measurements, being less invasive, are better
suited for understanding how MD cells function under
physiological conditions. For example, under certain con-
ditions, pH measurements can be used to monitor the
activity of the apical Na:K:2Cl cotransporter. Increasing
[Cl2]L from 5 to 140 mM in the presence of 20 mM Na
1 and
5 mM K1 acidifies MD cells (Fig. 2) from 7.28 6 0.03 to
6.81 6 0.08, a response that is completely amiloride and
bumetanide sensitive [9] (amiloride efficacy in this experi-
ments series is due to the low [Na1]L used). This strongly
suggests that stimulation of the apical Na:K:2Cl cotrans-
porter produces a significant change in [Na1]i, which
affects pHi through the apical Na:H exchanger.
A very useful method for estimating intracellular ion
concentrations is to find experimental conditions under
which a given cotransporter/exchanger with a given stoichi-
ometry is in equilibrium. For example, in the presence of 20
mM [Na1]L and 140 mM [Cl
2]L (luminal pH 7.4), mean pHi
is 6.81 [9] and remains at the same level (6.84) after luminal
addition of 1 mM amiloride (Fig. 2). Thus, under these
conditions, the apical Na:H exchanger is in equilibrium,
that is, not mediating a net H1 flux. Because a gradient
favored H1 efflux (pHi 6.84, luminal pH 7.4), a [Na
1]i of 70
mM is required to neutralize the H1 gradient in the case of
this 1:1 exchanger.
[Na1]i can also be estimated from our previous work [8],
as shown in Figure 3. The apical Na:H exchanger actively
removes H1 from the MD cell in the presence of 25 mM
[NaCl]L plus furosemide, as blocking this H
1 efflux with 1
mM amiloride produces a large acidification (Fig. 3, lower
panel). Interestingly, under these conditions (25 mM [Na-
Cl]L plus furosemide), there is no pH gradient between the
lumen and the cytosol, indicating that [Na1]i must be
significantly lower than [Na1]L (25 mM) to energize the
exchanger. Taken together, this means that, in the absence
of apical Na:K:2Cl cotransport, [Na1]i is much lower than
25 mM and can rise to approximately 70 mM when the apical
cotransport is maximally activated by [Cl2]L.
At a given [Na1]L, it is interesting to compare the pHi at
different [Cl2]L with the pHi measured during blockade of
the apical cotransporter. This comparison allows us to
Fig. 1. Transport model for macula densa (MD) cells.
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conclude that, in the presence of 20 mM [Na1]L and 5 mM
[K1]L, the apical cotransporter equilibrates at a [Cl
2]L of
14 mM [9]. When the apical cotransporter is inhibited,
patch-clamp experiments in the whole-cell configuration
indicate a very negative membrane potential (282 mV)
[5]), consistent with a high [K1]i. Assuming [K
1]i to be 80 to
100 mM and if [Na1]i is comparable to [Cl
2]i, the equilibrium
conditions for the apical cotransporter would be consistent
with an intracellular [NaCl] of 6 mM. Interestingly, passive
Fig. 2. Estimation of intracellular [Na1] ([Na1]i) in the presence of
Na:K:2Cl cotransport. Upper panel depicts equilibrium of the apical
Na:H exchanger with a high rate of Na:K:2Cl cotransport elevating [Na1]i.
Lower panel shows the effect of luminal [Cl2] ([Cl2]L) on intracellular pH
(pHi) in the presence or the absence of amiloride. Note that in the
presence of 140 mM [Cl2]L, amiloride had no effect on pHi. The data are
taken from [8].
Fig. 3. Estimation of intracellular [Na1] ([Na1]) in the absence of
Na:K:2Cl cotransport. Upper panel shows the observed H1 efflux medi-
ated by the apical Na:H exchanger when the Na:K:2Cl cotransporter is
blocked by furosemide. Lower panel depicts the furosemide-induced cell
alkalization and the large acidification caused by 1 mM luminal amiloride,
showing that the apical Na:H exchanger generates a significant H1 efflux
in the presence of furosemide. Data are taken from [8].
Lapointe et al: Ionic transport in macula densa cellsS-60
distribution of Cl2 (with the apical cotransporter inhibited)
would yield an estimate of 7 mM for [Cl2]i. If this estimate
is correct, full activation of the apical cotransporter should
increase [Na1]i by an order of magnitude (from 6 up to 70
mM) and [Cl2]i by a factor of at least three (7 to .21 mM)
to account for a 10 mV depolarization induced by the apical
Na:K:2Cl cotransporter [5]. In fact, changing an ion con-
centration by factor of three alters the Nernst potential for
that ion by 27 mV, which is about what is needed to
depolarize MD cells by 10 mV given the estimated partial
conductance for the basolateral electrogenic Cl2 pathway
[4].
ESTIMATION OF THE TRANSPORT RATE
MEDIATED BY THE APICAL NA:K:2CL
COTRANSPORTER
As shown earlier here, pHi can be used to monitor
indirectly the direction and the relative magnitude of the
Na:K:2Cl cotransport rate through the activity of the Na:H
exchanger and the effect of the apical cotransport on
[Na1]i. More recently, we have begun to use NH4
1 for a
more direct assessment of cotransporter activity. Previous
work in medullary TAL (mTAL) has shown that NH4
1 can
substitute for K1 in certain transporters and channels,
including the Na:K:2Cl cotransporter [20]. Because NH4
1
is in equilibrium with NH3 and H
1, measurement of
intracellular acidification rate can be used to monitor
NH4
1 transport. The product of the initial acidification rate
(dpHi/dt) and the buffering capacity (bi) of MD cells yield
the intracellular H1 production rate (JH). It has been
assumed wrongly that JH is equivalent to JNH4 [21] and that
NH4
1-induced acidification indicates that the membrane
permeability to NH3 is negligible [20]. As discussed by
Watts and Good [22], knowing the pKa for NH4
1 dissoci-
ation (9.0) and assuming the membrane to be completely
impermeable to NH3, only one fortieth of the NH4
1 ions
entering the cell at a pHi of 7.4 need to dissociate to NH3
and H1 to maintain the intracellular dissociation at equi-
librium (a lower fraction results if membrane permeability
to NH3 is allowed). To understand the mechanism of NH4
1
and NH3 permeation across the apical membrane of MD
cells better, a simple epithelial transport model has been
constructed [10]. The model includes a minimal number of
parameters: the apical and basolateral permeability coeffi-
cients for NH3, the apical permeability coefficient for
NH4
1 entry, the permeability coefficient for NH4
1 efflux
across both membranes together, and a parameter reflect-
ing the pHi activation of ubiquitous pH-regulatory systems
such as the Na:H exchanger. The model clearly shows that
the only way to obtain a significant NH4
1-induced intracel-
lular acidification is to maintain the intracellular dissocia-
tion reaction away from equilibrium by accumulating intra-
cellular NH4
1 and/or depleting intracellular NH3. This can
be achieved by an apical transport mechanism for NH4
1
that utilizes membrane potential or the energy contained in
Fig. 4. Averaged pHi time courses following luminal addition of 20 mM
NH4
1. The noisy traces represent averaged pHi recordings from five
different macula densa (MD) plaques exposed to 20 mM [NH4
1]L under
four different experimental conditions: control (A, 25 mM [NaCl]L, 5 mM
[K1]L), in the presence of 5 mM Ba
21 (B), in the presence of 5 mM
bumetanide (C), and in the presence of both inhibitors simultaneously
(D). The smooth traces represent a satisfactory fit obtained from our
computer model. For the four panels, apical and basolateral NH3 perme-
ability coefficients were both set at 20 s21, and the pH sensitivity (SH, see
text) of the pH-regulating system was set at 3.7 mM s21. The apical
permeability coefficient for NH4
1 entry was set at 0.68, 0.50, 0.42, and 0.05
s21, and the permeability coefficient for NH4
1 efflux through both apical
and basolateral membranes was set at 0.25, 0.18, 0.28, and 0.10 s21 for A,
B, C, and D, respectively. Initial NH4
1 influx rates (JNH4) are calculated
using the given coefficients.
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concentration gradients of cotransported solute and by a
significant basolateral NH3 permeability coefficient. In our
model, the fact that the apical NH4
1 transport mecha-
nism(s) is capable of accumulating intracellular NH4
1 is
accounted for by a larger permeability coefficient for NH4
1
entry than for efflux. Under these circumstances, a large
fraction of the NH4
1 entering MD cells dissociates into
NH3 and H
1; JH is then proportional to the rate of NH4
1
influx and can be used to estimate JNH4 quantitatively.
In five experiments on different MD plaques, pHi was
recorded following luminal addition of 20 mM NH4
1 either
alone or in the presence of 5 mM bumetanide, 5 mM Ba21,
or both ([NaCl]L 5 25 mM). Recordings were synchronized
and averaged, and the mean pHi is shown in Figure 4 as a
function of time. As in mTAL and cTAL, NH4
1 rapidly
acidified MD cells by 0.071 6 0.008 pH unit/s. This
acidification rate was reduced by 57% in the presence of
bumetanide, 35% in the presence of Ba21, and 93% in the
presence of both inhibitors [10]. Analyzing the four curves
using our computer model showed that different perme-
ability constants for NH3 (10 to 40 s
21) produced an
acceptable fit of our data, but interestingly, when apical
NH3 permeability was set at 20 s
21, our data were consis-
tent with a basolateral NH3 permeability coefficient iden-
tical to the apical coefficient. Further, the model showed
that pHi recovery after NH4
1 removal was dependent
exclusively on the pH regulatory system, the activity of
which was simply modeled to yield a H1 efflux proportional
to the difference between a pH of 7.5 and pHi [that is, H
1
efflux 5 SH 3 (7.5 2 pHi)] [23]. All of the solid lines in
Figure 4 were simulated with the previously determined
buffering power [10], an SH of 3.7 mM s
21 pH unit21 and an
apical and basolateral NH3 permeability coefficient of 20
s21. Apical permeability coefficients for NH4
1 entry and
for total NH4
1 apical plus basolateral exit were adjusted to
fit the initial acidification rate and the steady-state pHi level
(Fig. 4). This resulted in JNH4 values of 13.6, 10.0, 8.4, and
0.1 mM s21 for control, bumetanide, Ba21, and bumetanide
plus Ba21, respectively. These flux rates are roughly pro-
portional to the initial NH4
1-induced acidification rates,
Fig. 5. Expected effects of an increase in
luminal [NaCl] on macula densa cells
intracellular parameters.
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and calculated JH is two to three times lower than corre-
sponding JNH4. In comparison, estimates of JH are 1.4 mM
s21 for mouse mTAL [21], 15.7 mM s21 for rat mTAL [22],
and 5.0 mM s21 for rabbit MD cells. For mTAL, NH4
1
apical influx rates were not estimated using our transport
model. However, if the proportionality between JNH4 and
JH remains relatively constant between mTAL and MD
cells, JNH4 of MD cells is certainly not 40 times lower than
the corresponding value from TAL, as would have been
predicted from the lower Na,K-ATPase activity repeatedly
reported for MD cells [24–26]. Further supporting the idea
of a substantial level of ionic transport across apical
membrane of MD cells, it was found recently that rabbit
MD cells contain more mRNA for the Na:K:2Cl cotrans-
porter than the cTAL [27].
Although the bumetanide-sensitive acidification rate is
clearly due to the apical Na:K:2Cl cotransporter, the nature
of the Ba21-sensitive pathway remains obscure. In TAL,
the apical K1 channel is not permeable to NH4
1 [14, 28],
and NH4
1 can substitute for H1 in an apical K1/H1
exchanger that is Ba21 and verapamil sensitive [29]. In MD
cells, ionomycin, which inhibits the apical K1 channel [6],
has no effect on the Ba21-sensitive acidification rate [10].
On the other hand, an apical K1/H1 exchanger similar to
that found in mTAL cells can be excluded, as luminal
addition of Ba21 systematically acidifies MD cells and the
Ba21-sensitive portion of the NH4
1-induced acidification
rate is not verapamil sensitive [10].
CONCLUSION
The data accumulated so far are consistent with the
following view of MD cells. At low [NaCl]L (15 to 20 mM)
or in the presence of loop diuretics, the Na:K:2Cl cotrans-
porter is quiescent, and [Cl2]i falls to about 7 mM, corre-
sponding to the passive distribution of Cl2 across the cell
membrane at a potential of 282 mV. As in most other cells,
membrane potential is determined by a large [K1]i and the
presence of K1 conductances. pHi is relatively high (;7.4)
because the apical Na:H exchanger promotes H1 efflux
using [Na1]i estimated to be 6 mM. The Na:Ca exchanger,
assumed to be in the basolateral membrane in Figures 1
and 5, maintains [Ca21]i at very low levels using the energy
of the Na1 gradient. When [NaCl]L rises to 140 mM (Fig.
5), the apical Na:K:2Cl cotransporter is maximally stimu-
lated and [Na1]i and [Cl
2]i start to rise. The increase in
[Cl2]i stimulates basolateral electrogenic efflux through a
Cl2 conductance, thus explaining the observed membrane
depolarization. pHi increases due to the apical Na:H ex-
changer because the large increase in [Na1]L offsets the
rise in [Na1]i. Elevations in [Na
1]i allow [Ca
21]i to increase
secondary to a reduction in the Na:Ca exchanger activity.
This is our current view of the initial effects produced in
MD cells by a rise in [NaCl]L concentration. Further work
on the regulation of transport systems present in MD cells
will help in understanding modulation of the TGF mecha-
nism in different experimental or physiological conditions.
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APPENDIX
Abbreviations used in this article are: ATP, adenosine triphosphate;
BCECF, 29,79-bis(2-carboxyethyl)-5(and-6) carboxyfluorescein; [Cl2]i, in-
tracellular [Cl2]; cTAL, cortical thick ascending limb; MD, macula densa;
[Na1]i, intracellular [Na
1]; [NaCl]L, luminal fluid [NaCl]; mTAL, medul-
lary thick ascending limb; pHi, intracellular pH; TAL, thick ascending
limb; TGF, tubuloglomerular feedback.
REFERENCES
1. BELL PD, LAPOINTE JY, CARDINAL J: Direct measurement of baso-
lateral membrane potentials from cells of the macula densa. Am J
Physiol 257:F463–F468, 1989
2. SCHLATTER E, SALOMONSSON M, PERSSON AEG, GREGER R: Macula
densa cells sense luminal NaCl concentration via furosemide sensitive
Na1:K1:2Cl2 cotransport. Pflu¨gers Arch 414:286–290, 1989
3. LAPOINTE JY, BELL PD, CARDINAL J: Direct evidence for apical
Na1:K1:2Cl2 cotransport in macula densa cells. Am J Physiol 258:
F1466–F1469, 1990
4. LAPOINTE JY, BELL PD, HURST AM, CARDINAL J: Basolateral ionic
permeabilities of macula densa cells. Am J Physiol 260:F856–F860,
1991
5. SCHLATTER E: Effect of various diuretics on membrane voltage of
macula densa cells: Whole-cell patch clamp experiments. Pflu¨gers Arch
423:74–77, 1993
6. HURST AM, LAPOINTE JY, LAAMARTI MA, BELL PD: Basic properties
and potential regulators of the apical K1 channel in macula densa
cells. J Gen Physiol 103:1055–1070, 1994
7. NARUSE M, INOUE T, NAKAYAMA M, SATO T, KUROKAWA K: Effect of
luminal Cl2 and Ca21 on tubuloglomerular feedback mechanism. Jpn
J Physiol 44:S269–S272, 1994
8. FOWLER BC, CHANG YS, LAAMARTI MA, HIGDON M, LAPOINTE JY,
BELL PD: Evidence for apical sodium proton exchange in macula
densa cells. Kidney Int 47:746–751, 1995
9. LAPOINTE JY, LAAMARTI MA, HURST AM, FOWLER BC, BELL PD:
Activation of Na:2Cl:K cotransport by luminal chloride. Kidney Int
47:752–757, 1995
10. LAAMARTI MA, LAPOINTE JY: Determination of NH41/NH3 fluxes
across the apical membrane of macula densa cells: A quantitative
analysis. Am J Physiol 273:F817–F824, 1997
11. KIRK KL, BELL PD, BARFUSS DW, RIBADENEIRA M: Direct visualiza-
tion of the isolated and perfused macula densa. Am J Physiol
248:F890–F894, 1985
12. SCHNERMANN J, BRIGGS J: Function of the juxtaglomerular apparatus:
Local control on glomerular hemodynamics, in The Kidney, edited by
SELDIN DW, GIEBISCH G, New York, Raven Press, 1992, pp 1249–
1289
13. GREGER R, OBERLEITHNER H, SCHLATTER E, CASSOLA AC, WEIDTKE
C: Chloride activity in cells of isolated perfused cortical thick ascend-
ing limbs of rabbit kidney. Pflu¨gers Arch 399:29–34, 1983
14. BLEICH M, SCHLATTER E, GREGER R: The luminal K1 channel of the
thick ascending limb of Henle’s loop. Pflu¨gers Arch 415:449–460, 1990
15. WANG WH, WHITE S, GEIBEL J, GIEBISCH G: A potassium channel in
the apical membrane of rabbit thick ascending limb of Henle’s loop.
Am J Physiol 258:F244–F253, 1990
Lapointe et al: Ionic transport in macula densa cells S-63
16. WANG WH: Two types of K1 channel in thick ascending limb of rat
kidney. Am J Physiol 267:F599–F605, 1994
17. HO K, NICHOLS CG, LEDERER WJ, LYTTON J, VASILEV PM, KANA-
ZIRKA MV, HEBERT SC: Cloning and expression of an inwardly
rectifying ATP-regulated potassium channel. Nature 362:31–37, 1993
18. HEBERT SC, WANG WH: Structure and function of the low conduc-
tance KATP channel, ROMK. Wien Klin Wochenschr 109:471–476,
1997
19. WAKABAYASHI S, SHIGEKAWA M, POUYSSEGUR J: Molecular physiol-
ogy of vertebrate Na1/H1 exchangers. Physiol Rev 77:51–74, 1997
20. KIKERI D, SUN A, ZEIDEL ML, HEBERT SC: Cell membranes imper-
meable to NH3. Nature 339:478–480, 1989
21. KIKERI D, SUN A, ZEIDEL ML, HEBERT SC: Cellular NH4
1/K1
transport pathways in mouse medullary thick limb of Henle. J Gen
Physiol 99:435–461, 1992
22. WATTS BA, GOOD DW: Effects of ammonium on intracellular pH in
rat medullary thick ascending limb: Mechanisms of apical membrane
NH41 transport. J Gen Physiol 103:917–936, 1994
23. ARONSON PS: Kinetic properties of the plasma membrane Na1-H1
exchanger. Annu Rev Physiol 47:545–560, 1985
24. BEEUWKES R III, ROSEN S: Renal Na1-K1-ATPase: Localization and
quantitation by means of its K1-dependent phosphatase activity, in
Current Topics in Membranes and Transport (Cellular Mechanisms of
Renal Tubular Ion Transport, vol. 13), edited by BOULPAEP EL, New
York, Academic Press, 1980, pp 343–354
25. SCHNERMANN J, MARVER D: ATPase activity in macula densa cells of
the rabbit kidney. Pflu¨gers Arch 407:82–86, 1986
26. KASHGARIAN M, BIEMESDERFER D, CAPLAN M, FORBUSH B: Mono-
clonal antibodies to Na-K-ATPase: Immunocytochemical localization
along nephron segments. Kidney Int 28:899–913, 1985
27. OBERMU¨LLER N, KUNCHAPARTY S, ELLISON DH, BACHMANN S: Ex-
pression of the Na:K:2Cl cotransporter by macula densa and thick
ascending limb cells of rat and rabbit nephron. J Clin Invest 98:635–
640, 1996
28. BLEICH M, KO¨TTGEN M, SCHLATTER E, GREGER R: Effect of NH41/
NH3 on cytosolic pH and the K
1 channels of freshly isolated cells
from the thick ascending limb of Henle’s loop. Pflu¨gers Arch 429:345–
354, 1995
29. AMLAL H, PAILLARD M, BICHARA M: NH41 transport pathways in
cells of medullary thick ascending limb of rat kidney: NH41 conduc-
tance and K1/NH41(H
1) antiport. J Biol Chem 269:21962–21971,
1994
Lapointe et al: Ionic transport in macula densa cellsS-64
